Thermal mortalities of adult red flour beetles Tribolium castaneum (Herbst) infesting canola seeds at various moisture contents and volumes were determined after radio frequency (RF) heating (i.e. temperature between 30 and 80°C). The mortality of 92% was achieved at the end temperature of 343 K for small-volume (1.96 × 10 −4 m 3 , 0.250 kg) seeds, and the mortality of 99% at 333 K for large-volume (1.77 × 10 −3 m 3 , 2.26 kg) seeds. Regardless of sample volume, the thermal mortalities of the test insects increased significantly after the seed temperature reached 333 K (60°C). The kinetic parameters of the thermal death of the adult T. castaneum were estimated using inverse simulation. The ordinary differential equation-based kinetic model with the Arrhenius temperature-dependent reaction rate constant was solved using the fourth-order Runge-Kutta method. The kinetics followed first-order reaction with the activation energy of 100 kJ/mol. Good agreements were observed between the mortalities predicted using the kinetic model and the experiments (R 2 = 0.972-0.987) except for the smallvolume seeds at 11% MC (11 g/100 g raw materials) (R 2 = 0.741). The predicted lethal times (s) to achieve 95 and 99% mortalities using the kinetic model agreed well with those determined from the experiments.
Introduction
The world's total production of canola seeds in 2015-2016 was 67.7 million metric tons. [1] Major canolaproducing countries are Canada, Austria, China, European Union, India, and the United States. Over 90% of the canola produced in Canada is exported to markets around the world. The canola industries had injected $19.3 billion to the Canadian economy, including 249,000 jobs and $12.5 billion in wages. [2] In Canada, the losses of oilseed production average out 8-10% in annual crop yield due to pest insects, causing hundreds of millions of dollars loss in the Canadian economy. [3] Insect pest infestations that make barriers to export are a major concern in the production, storage, and process of all food products. [4] The trade regulations of domestic and international markets have required post-harvest treatments of all food products to ensure quarantine security from insect pests. [5, 6] One of the most common insect pests in the stored grains and oilseeds around the world is T. castaneum. [7] The fumigation with methyl bromide has been widely used and is regarded as one of the practical methods to disinfest various insect pests found in grains and oilseeds. [7] However, it was prohibited since the Montreal Protocol because of the health hazards caused by excessive insecticide residues and the destructive effect to the ozone layer. [5, 8, 9] The other non-chemical treatments to control insect pests such as ionizing radiation, hot air, and cold storage have certain disadvantages. These techniques require a long treatment time and a substantial capital investment, and may leave live insect pests after the treatments. [9, 10] RF heating based on electromagnetic radiation is volumetric and selective heating, and this technique may avoid the problems posed by the aforementioned non-chemical treatments. [11] There is a possibility of destroying the insect pests using RF heating without significant thermal degradation of the grain. LagunasSolar et al. [12] reported the mortalities of Angoumois grain moths, Sitotroga cerealella (Olivier), and lesser grain borers, Rhyzopertha dominica (Fabricius), in rice using RF heating. A mortality of 99% of S. cerealella was achieved at 55-60°C for 5 min of heating, and 100% mortality of R. dominica was attained at 60°C for 1 h of heating. There were no significant changes in moisture level and milling quality of the rice. Shrestha et al. [13] achieved 100% mortality for all the life stages of rusty grain beetles, Cryptolestes ferrugineus (Stephens), in stored wheat at 60°C with RF heating (1.5 kW, 27.12 MHz) without significant degradation of the wheat qualities.
Several kinetic models for the mortalities of insect pests have been studied for thermal processing. Tang et al. [11] demonstrated a possibility of developing high-temperature, short-time thermal treatments to control the larvae of codling moth, Cydia pomenella (Linnaeus), with a minimal thermal impact on fruit quality using the thermal death kinetics of the insect. Wang et al. [14] reported the thermal death kinetic parameters for the fifth-instar C. pomenella, which were heated to four different temperatures (46, 48, 50, and 52°C) using a heating block system. The thermal death kinetics of the insects followed a 0.5th-order reaction with an activation energy of 472 kJ/mol at a heating rate of 18°C/min. Johnson et al. [15] estimated the lethal exposure times for the fifth-instar larvae of Indian meal moth, Plodia interpunctella (Hubner), at 44-52°C during RF heating using a 0.5th-order kinetics model. They obtained the RF heating time of less than 5 min to achieve 95% mortalities at 50°C and 52°C. A thermal death kinetic model of T. castaneum at larvae stage (the most heat-tolerant life stage of the insect) with 0.5th-order reaction was developed to estimate lethal exposure times at 48, 50, and 52°C during RF heating. [16] They reported the lethal times (LTs) to achieve 99% mortalities were 1.6 min, 9.1 min, and 76.8 min at the constant temperatures of 52°C, 50°C, and 48°C, respectively. The thermal death kinetics were determined based on experiments at constant system temperatures, and only applied for the larvae stage of the insect. These kinetic models could not be used in this study. The target life stage of the insect in this study was adult, the heating process was transient (the temperature of the infested sample was continuously increased), and the immediate mortality (the mortality determined immediately after the RF heating) was considered.
Thermal death kinetics of the adult T. castaneum based on the immediately determined mortalities and temperature histories of the host material (canola seeds) will be helpful. The determined kinetic parameters and model can predict mortalities at specific RF heating times without knowing the insect body temperatures. They can also be used to determine the proper RF heating conditions for disinfestation of the adult T. castaneum. Therefore, in this study, the thermal death kinetics of the adult T. castaneum infesting canola seeds at various moisture contents and volumes of seeds were characterized based on dynamic temperature changes of the canola seeds and the experimental data of insect mortalities during RF heating.
Materials and methods

RF heating system
The RF heating system used in this work is shown in Fig. 1 . A 1.5 kW, 27.12 MHz RF system (Strayfield Fastran, Berkshire, England) with two parallel electrode plates (250 mm × 250 mm) was used to heat the samples. The upper electrode can be adjusted vertically up or down by turning the crank attached to the plate, and the bottom plate was fixed and grounded. The electric arcing was observed when the air gap between the upper electrode and the top surface of the samples was less than 1 mm and 15 mm for the small-and large-volume samples due to evaporated moisture from the sample during RF heating. To prevent the electric arcing, air gaps of 1 mm and 15 mm, respectively, for the small-and large-volume samples were set. The larger air gap for the large-volume samples was determined due to intensified electric arcing by more evaporated moisture from the seeds compared to that of the small-volume samples. Those air gap sizes were determined from our previous work. [17] Canola seed samples Top-quality canola seeds (B. napus L.) at the initial moisture content (MC) of 7% wet basis (w.b.) were provided by our industrial partner, Viterra Inc., Regina, SK, Canada. The standard method [18, 19] was used to determine the MC of the canola seeds. Four different MCs (5%, 7%, 9%, and 11%) of the bulk canola seeds were prepared. The seed samples at 5% MC were prepared by drying the original canola seeds in a hot-air oven. The seed samples at 9% and 11% MCs were prepared by adding pre-calculated amounts of distilled water to the seeds at the initial MC. A sprayer was used to do that. The prepared canola seed samples were stored in a cold storage at 4°C before using them. The details on preparing the seed samples at the required MCs can be found in Yu et al. [17] RF exposure time of the canola seeds Small-volume (1.96 × 10 −4 m 3 , 0.250 kg) seed samples were contained in an RF transparent polycarbonate sample holder that can minimize the effect of the holder on RF heating, measuring 50 mm and 100 mm in diameter and height, respectively, and larger-volume (1.77 × 10 −3 m 3 , 2.26 kg) seed samples were contained in a sample holder made of the identical material measuring 150 mm and 100 mm in diameter and height, respectively. The former and the latter were referred to as small-volume sample and large-volume sample, respectively, in this work.
A Reflex TM signal conditioner and the fibre optic temperature sensors with an accuracy of ± 0.8°C (Neoptix, Québec City, Québec, Canada) were used to measure and monitor the temperatures of samples. The fibre optic temperature sensors were located at the hottest spot of the seed samples. The hottest spot for the small-volume samples was at the geometric centre regardless of MC of the seeds. However, for the large-volume samples, the hottest spot was shifted from the geometric centre to near the inner wall of the sample holder as the MCs of the samples were changed from 5% and 7% to 9% and 11%, respectively, as illustrated in Fig. 2 . Those hottest spots were obtained from our previous research. [17] A dedicated Labview (2010v.10) program was developed to interface with the data acquisition device connected to the temperature sensors. The temperatures of the sample were displayed and recorded every 2 s. RF exposure times (s) of the canola seeds were determined when the temperature of the hottest spot of the bulk seeds reached up to each desired temperature (303 K, 313 K, 323 K, 333 K, 343 K, and 353 K) from 297 K (initial temperature) for each MC (5%, 7%, 9%, and (a) (b) Figure 1 . The side and rear view of the RF heating system (a) and the interior view of the RF heating system (b) showing I: reflex signal conditioner; II: temperature controller; III: data acquisition device; IV: data acquisition software; V: electrodes; VI: canola seeds; VII: fibre optic temperature sensors. [20] 11%) of the seeds. Three different batches of canola seeds in total were used for each MC. The same amount of seeds was used for each batch with the same operating condition of the RF unit. The RF exposure times (s) were obtained from our previous research. [20] The average of triplicate measurements was used for the RF exposure time (s) of the seeds. Then regression models were developed for the temperature (K) of the seeds as a function of RF exposure time (s) for input data in the kinetic model used in this study.
Test insect culture
The adult T. castaneum were collected from the Agriculture and Agri -Food Canada /University of Manitoba, Canada. The insects were cultured following the procedure adopted by Shrestha et al. [13] . In brief, a total of 500 adult insects were reared in a jar (2 L) containing 1.5 kg of a mixture of wheat at MC of 14% and wheat germs in a proportion of 7:3 by weight. The jar was covered with a fabric for better ventilation and placed in a temperature and humidity chamber (30°C and 70% RH, respectively) for 70 days. The insects with the rearing mixture were separated using the Canadian standard sieve # 40 and collected using a suction assembly. The insects were exposed to carbon dioxide gas at various stages of the experiment when it was required to stop them from moving around. The details on the procedures of rearing and handling the test insects can be found in Yu et al. [20] Figure 2. The location of the hottest spot of the small -volume samples (a), and the large-volume samples at MCs of 5% and 7% (b), and 9% and 11% (c). [20] Insects mortality
The insect mortalities were tested by introducing the adult insects in small and large seed samples. A total of 30 adult insects (70-72 days old from the time of hatching from eggs) were introduced at the hottest spot (ball shape) of the small-volume samples and its vicinity, and 90 adult insects at the hottest spot (doughnut shape) of the large-volume samples as shown in Fig. 1 . The hottest spot was chosen to show how effectively insects can be killed with optimally designed RF heating systems. The vicinity of the hottest spot was also taken by the adult insects for the small-volume samples as the hottest spot was too tiny to hold 30 adult insects at the exact hottest spot. The infested canola seeds were heated until the hottest spot of the bulk seeds reached up to each desired temperature (303 K, 313 K, 323 K, 333 K, 343 K, and 353 K) from 297 K (initial temperature) for each MC (5%, 7%, 9%, and 11%) of the seeds. The dead and live insects were counted to calculate mortalities. The immediate mortalities of the adult T. castaneum at each desired temperature were tested in triplicate and then averaged for each MC of the seeds. The more detailed procedures of the insect mortality are available in Yu et al. [20] Kinetic modelling
The thermal death rate of the adult T. castaneum can be modelled using the following kinetic model:
where t is the heating time (s), N and N 0 are, respectively, the number of live insects at time and the initial number of the insects, respectively, k is the reaction rate constant (1/s), and n is the order of the reaction. [21] The temperature-dependent reaction rate constant can be expressed using the Arrhenius relationship as follows:
where k 0 is the frequency factor, E a is the activation energy (J/mol), R is the universal gas constant (8.314 J/ mol·K), and T is the temperature of the bulk canola seeds (K). [21] Temperature histories of the canola seeds during RF heating were used instead of those of the insects as measuring the insect-body temperatures was extremely difficult due to their tiny size (3-4 mm) and mobility. This makes the activation energy and frequency factor as apparent or effective values as the temperature of the insects is not the same as that of the canola seeds during RF heating. It is, however, assumed that the canola seeds had similar heating patterns as those of the insects despite their heating speed being slower. Using the temperature of the canola seeds instead of the insect-body temperature was the limitation of this study; however, at the same time, this approach would be more practical for real-world applications. Only a limited mobility of the insects in the seed sample during RF heating was observed due to the natural compactness of the tiny seeds (the diameter of the seed is approximately 1.8 mm).
Substitution of the value of k from Eq. (2) into Eq. (1) results in the thermal death rate of the adult T. castaneum as shown in Eq. (3).
The ordinary differential equation, Eq. (3), was solved using the ODE 45 solver based on the fourth-order Runge-Kutta method in MATLAB R2013a (The MathWorks Inc., Natick, MA, USA). The optimum values of k 0 , E a , and n were determined by minimizing the root mean square error (RMSE) between the values predicted from the kinetic model and the experimental data as depicted in Eq. (4).
where m is the number of data, x i is the measured value, and x 0 i is the value predicted using the kinetic model, Eq. (3). The unknown parameters k 0 , E a , and n were determined by trial and error from eight different sets of time-temperature data (six points per set) depending on RF heating rates. As n was found to be 1 ± 0.01 in our preliminary parameter estimation, we set the order of kinetics (n) as 1 for all of the estimation. Then, only the other two unknown parameters k 0 and E a were estimated. The kinetic model was also used to estimate LTs to achieve 95% (LT 95 ) and 99% (LT 99 ) mortalities of the insects infesting the canola seeds at different MCs and volumes.
Statistical analysis
The stepwise regression and bivariate correlation analysis in SPSS (SPSS Inc., Chicago, IL, USA) were used to derive the regression models for temperature of the canola seeds versus RF exposure time, and to investigate the correlation between the mortalities of the insects from the kinetic model and the experiments.
Results and discussion
Temperature histories of canola seed samples Figure 3 shows the temperature histories of the canola seed samples at various MCs during RF heating. The rate of the temperature increment of the seeds was apparently proportional to the MC of the seeds. It was attributed to the higher dielectric loss factor of the seeds due to the enhanced conductivity of dipoles and ions in the material, with higher MC causing higher dissipation of electromagnetic energy. [13] In case of the large-volume samples, the temperatures were increased significantly faster after 303 K. The RF exposure time ranged from 25 to 1200 s. The differences between the RF exposure times to attain the same temperature for the small-and large-volume samples ranged from 0.024 to 186 s. The small-and largevolume samples at 5% MC took approximately eight and four times longer RF exposure times than those at 11% MC to reach 353 K, respectively. The regression models for the temperatures (K) of the canola seeds as a function of the RF exposure time (s) at the interested MCs for both the small-and large-volume samples are listed in Table 1 . The developed regression models were used as input data in Eq. (3) to determine the thermal death kinetics of the adult T. castaneum. Figure 4 shows the measured survival rates (100% mortality %) of the adult T. castaneum in the small-and large-volume samples when the samples at MCs of 5%, 7%, 9%, and 11% were RF heated from 303 K to 353 K by RF energy. In general, the survival rate of the insect decreased with increasing temperature. At any end temperatures of the seeds, the survival rate of the insect decreased with increasing MC of the seeds. The insects thoroughly surrounded by the seeds are exposed to the evaporated hot steam from the wet seeds by RF heating. The survival rate of the insects in the seed samples at high MC (11%) was lower than that at low MC (5%) at the same end RF heating temperature due to the more evaporated moisture from the seeds of high MC (11%). The survival rates of the insect in the large-volume samples had significantly dropped over the temperature compared to those in the small-volume samples due to the more evaporated moisture from the large-volume samples. Placement locations of the adult T. castaneum in the small-and large-volume samples (mentioned in section 2.4) could be one of the reasons for the difference in the survival rates between the small-and large-volume samples. Over 84% and 99% mortalities of the insects were achieved at 333 K for the small-and large-volume samples, respectively. Those mortalities required RF exposure times of 106.0-597.0 s and 198.5-765.0 s for the small-and large-volume samples at 5-11% MC. The thermal effect on insect mortality was attributed to the thermal degradation of carbohydrates, proteins, DNA, RNA, and lipids of the insects. [22] Yu et al. [20] reported that 100% mortality of T. castaneum infesting the canola seeds at MCs of 5%, 7%, 9%, and 11% could be achieved without significant degradation of the seed quality at 333 K (60°C) with proper design of RF heating applicators. 
Thermal mortality of the insects
Thermal death kinetics
The best fitted kinetic model of thermal death of the adult T. castaneum infesting the canola seeds during RF heating was as follows:
The performance of the model in predicting the mortalities for both the small-and large-volume samples is summarized in Figure 5 compares the survival rates of insects determined from the kinetic model with those from the experiments for the small-and large-volume samples at 5%, 7%, 9%, and 11% MCs during RF heating. In Fig. 5 , the scatter data present the experimental values, and the continuous lines represent the calculated values from the kinetic model. The first-order kinetic model was much more suitable to describe the thermal death kinetics of the insect than 0.5th-order, which was used by Wang et al. [14] and Johnson et al. [15, 16] for the thermal death kinetics of other insects. Shimoda et al. [23] reported the inactivation of Saccharomyces cerevisiae by combinations of dissolved CO 2 and heating (30-38°C) followed by first-order kinetics. First-order reaction was the most suitable to describe the thermal death kinetics of eggs of Mediterranean flour moth, Ephestia kuehniella (Zeller), which were heated in hot water at constant temperatures (46-75°C) for 5-1200 s. [24] Our determined activation energy of 100 kJ/mol for the adult T. castaneum infesting the canola seeds was similar to that of eggs of E. kuehniella (102 kJ/mol) [24] and lower than that for the fifth instar of C. pomonella (472 kJ/mol), [14] the fifth instar of P. interpunctella (506.3 kJ/mol), [15] and the fifth-instar navel orangeworm, Amyelois transitella (Walker) (510 kJ/mol to 520 kJ/mol). [25] The lower activation energy indicated that the adult T. castaneum was more susceptible to thermal death by RF heating than the other insects infesting the food commodities. It should be, however, noted that in our study for kinetic parameter estimation, the temperatures of the canola seeds were used instead of the adult insect body temperatures. Table 3 shows the experimental LT required to kill 100% of the insects as well as the LT 95 and the LT 99 determined from the experiments and the kinetics model. The predicted LT 95 and LT 99 from the kinetic model were in good agreement with those from the experiments except for the small-volume seeds at 5% MC. This exception was caused by the slow heating rate of the seeds at the lower moisture level. Complete destruction of the adult insect in the canola seeds was achieved with the RF exposure time ranging 140-1080 s and 199-762 s for the smalland large-volume samples at 5-% MC, respectively. The differences between LT 95 and LT 99 determined from the experiments and the kinetic model ranged from 17.40 to 287.1 s, and 19.49 to 348.6 s, respectively. Similar discrepancies of LT 95 and LT 99 of mortalities of fifth instar of A. trasitella were observed by Wang et al. (2002b) . The LT 95 and LT 99 from the experiments for the small-volume samples at 5% MC were 7.41 times and 7.66 times longer than those at 11% MC. This means disinfestation of the insect by RF could be done more effectively with higher MC seeds due to the shorter RF heating time and steam release effect to achieve the specific mortalities compared to seeds at lower MC.
Lethal time
Conclusion
The survival rate of the adult T. castaneum infesting the canola seeds at different seed MCs (5%, 7%, 9%, and 11%) and volumes (small and large) decreased with temperature (303-353K) during RF heating. The kinetic parameters of the thermal death of the adult T. castaneum were estimated using an inverse simulation. The kinetics followed first-order reaction with the activation energy of 100 kJ /mol and it produced insect mortalities that were comparable to the experiments. The determined LT 95 and LT 99 from the experiments and the kinetic model were in good agreement. The thermal death kinetic model developed in this research would be useful in designing post-harvest RF thermal processes to control T. castaneum and similar insects in stored canola seeds and other commodities.
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